Abstract. This paper describes a one-dimensional finite element code for debris flows developed to model the flow within a steep channel and the stopping conditions on the fan. The code allows the systematic comparison of a wide variety of previously proposed one-phase flow resistance laws using the same finite element solution method. The onedimensional depth-averaged equations of motion and the numerical model are explained. The model and implementation of the flow resistance relations was validated using published analytical results for the dam break case. Reasonable agreement for the front velocities and stopping location for a debris-flow event in the Kamikamihori torrent in Japan can be achieved with turbulent flow resistance relations including "stop" terms which allow the flow to come to rest on a gently sloping surface. While it is possible to match the overall bulk flow behavior using relatively simple flow resistance relations, they must be calibrated. A sensitivity analysis showed that the shape of the upstream input hydrograph does not much affect the flow conditions in the lower part of the flow path, whereas the event volume is much more important.
Introduction
Debris flows are mixtures of flowing sediment and water showing flow behavior intermediate between clear-water flows and mass movements of solid material, introducing a complexity which is difficult to incorporate into computational models for practical applications. However there is a clear need for such models as hazard evaluation or mitigation-measure design tools because debris flows continue to cause significant damage in mountainous regions. The main goal of this paper is to describe the development Correspondence to: D. Rickenmann (dieter.rickenmann@boku.ac.at) and first tests of a debris flow simulation model which allows comparison of relatively simple single-phase flow resistance relations which are often used in engineering applications. The new model, DFEM-1D, is based on a finite element solution of the depth-averaged shallow water equations. A variety of flow resistance relations have been implemented, allowing for simulation of the spectrum of debris flows from granular (stony) to viscous to turbulent (muddy) debris flows (e.g. Takahashi, 2001) , facilitating comparison within the exact same numerical solution framework. The model allows the use of detailed natural topography for comparison with complex field cases. Hungr (1995) also developed a model allowing to select a variety of rheological kernels using only one numerical scheme.
Although a number of numerical simulation models have been developed to describe the propagation and deposition behavior of debris flows, they have rarely been systematically compared with field data. Many models require specification of "rheological" material or "flow resistance" parameters. Sediment concentration and solid material properties are among the key elements influencing the rheological or flow resistance characteristics of debris flows (Pierson and Costa, 1987) , which may vary during a given event. Generally, there are no independent procedures to directly determine representative bulk parameters (e.g. viscosity and yield strength) characterizing the solid-fluid mixture in models where the mixture is treated as a single phase. For example there are no methods to directly measure the viscosity of a solid-fluid mixture with coarser grains including gravels, cobbles and boulders (e.g. Contreras and Davies, 2000) . As a result, the parameters need to be back-calculated or calibrated to match past field events, and they often represent mean values. Additionally, each existing model generally uses a different numerical technique to approximate the solution of the governing equations, providing an additional degree of uncertainty when comparing results.
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A practical problem is the selection of the appropriate flow resistance relation which describes the flow regime. A Bingham or Herschel-Bulkley approach assumes that the debris-flow material behaves as a viscoplastic fluid (Coussot, 1997) . Applications assuming a grain-inertia flow regime involve uncertainties in defining an appropriate flow resistance value representing grain-collision losses, which have been determined only with the help of experiments under simplified conditions, typically using relatively uniform sediments (e.g. Takahashi, 1991) . A real debris flow may show characteristics of a viscous flow, a granular flow or a more turbulent (muddy) type flow, even within one torrent channel (Arattano and Franzi, 2004) . Material properties change within the wave, typically with large boulders at the front and more fluid towards the tail (e.g. Suwa, 1989) . The limits between these flow regimes are difficult to determine in the field.
After describing the governing equations, we state the flow resistance relations implemented in the DFEM-1D code, and some aspects related to the numerical solution procedure. Model implementation is verified by comparing the model results with an analytical solution for a simple dam break problem. For a real debris flow event with velocity information along the flow path, model predictions using the different flow resistance relations were performed, and their suitability is discussed.
Governing equations
The St. Venant or shallow water equations have been successfully applied to both dam break wave propagation and debris flows (e.g. Jin and Fread, 1999; Hungr, 1995; Fraccarollo and Papa, 2000; Laigle and Coussot, 1997) . In this work the continuity and momentum equations are written in the conservative form:
with unknowns the flow depth h, and the specific discharge per unit width q. The channel is assumed to have a rectangular cross section with variable width w, g is the gravitational acceleration, u the vertically averaged flow velocity and z b the vertical bottom coordinate of the channel bed. The first term within the brackets on the right hand side of Eq. (2) is the channel bed slope; the second term, S f , the flow resistance term, is discussed in the following section; and the third term denotes the internal resistance (earth pressure), with the active or passive earth pressure λ a,p and the slope angle α. The sgn (signum) operator is used to ensure that the flow resistance component is correctly accounted for on flow on adverse slopes. The third term is neglected for the simulations presented herein because preliminary simulations showed only minor influence on the overall flow velocity and depth for the field case presented here.
Flow resistance relations
The solid-fluid mixture of a debris flow is considered as a quasi-homogeneous fluid. Mathematical models and constitutive equations, or flow resistance relations proposed for the flow resistance term S f in Eq. (2), may be broadly separated into: (i) one-phase models which describe the flow resistance behavior of either the slurry of water and fine material or the entire fluid-solid mixture; (ii) two-phase models which consider both a fluid phase and a solid phase (e.g. Bozhinskiy and Nazarov, 2000; Iverson and Denlinger, 2001) ; and (iii) hybrid models which assume different layers or flow regions with their own flow resistance characteristics (e.g. Takahashi, 2000) . We limit our discussion to one-phase approaches because our model was designed to facilitate a systematic comparison of single-phase flow resistance relations which are in widespread use. The flow resistance relations, as implemented in the DFEM-1D model, are listed in Table 1 to facilitate direct comparison. Model concepts for "mud flows" (e.g. Johnson and Rodine, 1984; Costa, 1984) and for "stony debris flows" (Takahashi, 1991) describe flows with a considerable proportion of fine material and flows where the coarser particles dominate the flow behavior, respectively (see also Jan and Shen, 1997) . Mud flows may also be described as a Newtonian or Bingham fluid in the laminar flow regime; a somewhat more general form is the Coulomb viscous relation (Johnson and Rodine, 1984) :
where τ =shear stress, τ y =yield strength, τ c =cohesive strength, σ =solid density, φ=friction angle of the solid material, µ B =Bingham viscosity, and (du/dz)=shear rate. 
with τ i = min(τ y ; ρgh cos α tan δ)
H Coulomb viscous
Full Bingham with τ y =ρgh cos α tan δ leads to an error in the mean velocity less than 6.3% (Rickenmann, 1990) . Rheologic investigations of debris-flow slurries suggest that the Herschel-Bulkley model should be preferred over the Bingham model, because the former is more general and can better describe the fluid behavior particularly at low shear rates (Ancey and Jorrot, 2001; Coussot, 1997; Malet et al., 2003) . However this model introduces additional terms which need to be either calibrated or measured and has not yet been implemented in the DFEM-1D model. For large flow velocities a debris flow may show turbulent behavior, suggesting that laminar flow resistance relations such as Eq. (3) may be inappropriate (Rickenmann, 1999) . For coarse-grained or granular debris flows where grain collisions dominate the flow behavior, the dilatant-inertial grain-shearing relation (Takahashi, 1991) has been proposed:
where ξ is a function of grain size, solid concentration, particle density, and dynamic angle of internal friction. The flow regimes defined by these two equations are referred to as grain-inertia (Eq. 4) and macroviscous (Eq. 3), and they can be distinguished by the dimensionless "Bagnold" number (Takahashi, 2000 (Takahashi, , 2001 . The grain-inertia relation in the form of Eq. (4) does not allow the flow to stop on a nonhorizontal slope. Examples of models based on variations of Eq. (4) include Brufau et al. (2000) ; Nakagawa and Takahashi (1997); Shieh et al. (1996); and Takahashi (1991) . The sediment concentration may be used to distinguish between dominant flow regimes (e.g. Takahashi, 2000 Takahashi, , 2001 , as for example between inertial grain flow ("stony debris flow"), a transitional stage ("immature debris flow"), and turbulent flow ("muddy debris flow"). A dilatant inertial relation can be used in our model when grain shearing processes dominate the flow behavior. The turbulent flow regime is a third basic regime for debris flows for cases where turbulent stresses dominate the flow behavior (Takahashi, 2000) . Successful applications of the Manning-Strickler turbulent resistance relation include debris-flow simulations by Jin and Fread (1999) and Rickenmann and Koch (1997) . A disadvantage of this approach is that it cannot reproduce the cessation of motion on gently sloping surfaces. Nevertheless, Costa (1997) and Jin and Fread (1999) showed that the flow depth and the velocity of debris flows, can be simulated reasonably well within the channel, after calibration of appropriate pseudo Manning n values. For many natural debris flows both mean grain size and solid concentration tend to decrease upstream of the front, suggesting that the flow may become either turbulent or viscous upstream of the front.
Several refinements have been proposed for these three basic flow regimes, partly to overcome the shortcomings of each flow regime and to account for the fact that a debris flow may change from one regime to another within the same flow. Within one flow, the Reynolds number can be used to distinguish between the turbulent and laminar regimes, while the relative flow depth h/d can be used to distinguish between the turbulent and grain-inertia regime (where h is flow depth and d is particle size). Empirical evidence suggests that grain-inertia cannot be dominant when h/d exceeds about 20-30 (Julien, 1997; Hashimoto, 1997; Takahashi, 2000) . Chen (1988) proposed a generalized viscoplastic model which combines both approaches represented by Eqs. (3) and (4). Additive combinations of the three basic flow regimes have also been proposed, for example Julien and Lan (1991) account for dispersive and turbulent stress with a lumped coefficient and combine it with a Bingham approach. The Bingham model has also been extended in other studies by the addition of a flow resistance term to account for channel roughness and turbulence (Han and Wang, 1996; Jin and Fread, 1999) . The commercially available two-dimensional flood and mudflow simulation program, FLO-2D (O'Brien et al., 1993 ) is based on the so-called "quadratic" rheologic approach proposed by Julien and Lan (1991) , combining yield, viscous, collision, and turbulent stress components. The Bingham parameters τ y and µ B are defined as exponential functions of sediment concentration which may vary over time. The FLO-2D model has been often used for application to natural debris flows or for comparison with other models (e.g. Chuang et al., 2000; Ghilardi et al., 2000; Hübl and Steinwendtner, 2000) .
Several of these "additive" relations, including turbulent relations and various terms which can describe the stopping of a flow on a sloping surface, have been implemented in DFEM-1D. The Voellmy flow relation (Table 1, C) consists of a turbulent Chézy term, C, accounting for velocitydependent friction losses, and a Coulomb or basal friction term to describe the stopping mechanism, where the basal friction angle δ is typically only a fraction of the Coulomb angle φ (McDougall and Hungr, 2006) . It has been successfully applied to debris flows (Rickenmann and Koch, 1997; Jakob et al., 2000; Hürlimann et al., 2003; Revellino et al., 2004) and other geophysical flows of granular material (Bartelt et al., 1999; Chen and Lee, 2003; Crosta et al., 2004) . The combination of the Coulomb friction term or a yield stress term with a turbulent flow resistance relation (Table 1 , D or E, respectively) can similarly be used. Implementation of turbulent Manning-Strickler formulation combined with the minimum of the Coulomb or the yield stress (Table 1, F) allows flow even during very small flow depths as observed at the tail of a debris flow. A combination of resistance flow terms as used in the commercial code FLO-2D (O'Brien et al., 1993) includes turbulent-collisional, yield stress and laminar flow resistance terms in the "quadratic" rheologic law (Table 1 , G). The Coulomb viscous flow relation (Table 1 , H) combines the Bingham laminar relation with a differently defined yield stress τ y using a Coulomb friction term.
Numerical approach
The finite element model, DFEM-1D, is based on the FEM-TOOL software, a finite element toolbox developed at the Laboratory for Hydraulics, Hydrology and Glaciology at the Swiss Federal Institute of Technology, Zurich (Rutschmann, 1993) . FEMTOOL allows for the implementation of any single or system of partial differential equations and uses a standard Galerkin approach. Time is also treated in a finite element way and therefore 2-D space/time finite elements are used. Even though computationally expensive, such elements are advantageous for convection dominated flows (Rutschmann, 1993) . Furthermore it allows for shifting nodes between time steps in a Lagrangian way to facilitate front tracking, however this feature has not yet been exploited in the DFEM-1D model. The FEMTOOL software allows any order of shape function, but only linear elements are used in this paper. The weighted equations are integrated using numerical integration by a 3 point Gaussian integration technique. Linearization is performed using a Picard iteration with a relative convergence criterion set to 1×10 −8 . The relative convergence is set to the ratio of improvement between old and new iteration normalized by the average value of the corresponding variable.
The shallow water equations were implemented in the toolbox for the 1-D case by Rutschmann (1994) and for the 2-D case by Naef (1997). To increase the numerical stability an upwind scheme following Katopodes (1984) is introduced.
An accurate description of the wet-dry transition at the debris flow front is essential for modeling. Problems arise when the flow depth approaches zero and the flow resistance term increases infinitely, leading to an unrealistically high resistance and, in the limiting case, a division by zero. To maintain stability a minimum cutoff depth is introduced. Whenever the flow depth is smaller than a threshold value h min , the discharge in the momentum equation is set to zero and the depth is set to the minimum value. Tests for typical flow conditions showed that with a limiting depth of 0.01 m stable and accurate results can be achieved. For mass conservation related to the extremely small error introduced by moving the front between nodes, the volume is checked and if necessary adjusted after each time step.
To stabilize the solution downstream of the wave front for certain flow relations, we assume that the flow resistance loss cannot be larger than the available kinetic energy, and that the flow resistance is unable to change the sign of the velocity within one time step (e.g. Bechteler et al., 1994; Nujic, 1995) . Alternative stabilization procedures, not implemented in our model, include a limiting value of a turbulent Chézy coefficient for a laminar flow resistance relation (Zanuttigh and Lamberti, 2004; McArdell et al., 2003) and a weighted average of the flow depth to increase damping of local peak which may result in numerical instabilities (Koch, 1998) .
Model verification
Comparison with an analytical solution tests the implementation of the equations and the numerical solution scheme. Hungr (1995) gives a solution for a plastic fluid based on an approximated energy solution for a horizontal dam break problem consisting of a horizontal flow bed with a dam located at x=305 m and a height of 30.5 m. The downstream bed is initially dry and the dam is removed instantaneously; 500 linear elements of 5 m length were used. A stopping location of x=1896 m results under Hungr's assumptions for yield stress and density. For the case of a plastic fluid (here approximated by flow law E in Table 1 with a very small turbulent flow resistance, see also Table 2 ), the results for runout distance (Fig. 1a) show a good agreement with the theoretical solution. With the Coulomb viscous relation (Fig. 1b) , the final profile is too flat and too much material remains in the upstream basin in comparison with the analytical solution. The run time until stopping occurs varies by about a factor of 4 between the fastest and the slowest model. For the Voellmy and turbulentCoulomb relations (not displayed in Fig. 1 ), a small turbulent flow resistance term results in increased runout distances and flatter deposition angles. Simulations containing a large turbulent flow resistance term have steeper deposition angles corresponding to shorter runout distances, eventually approaching the dry friction angle. The dilatant and Newton-laminar flow resistance relations are also not displayed in Fig. 1 , since they do not stop under the above conditions.
A comparison with the DAN model from Hungr (1995) for a horizontal break of a tailings dam, as solved for the analytical case described above, shows only minor differences between the two models, suggesting that the numerical scheme is sufficient for solving the underlying equations.
Our model has also been applied to a snow avalanche using the Ariefa test case given in the Swiss Avalanches Guidelines, and the results agree with the AVAL-1d simulations of Bartelt et al. (1999) , which uses a Voellmy fluid model including an active/passive earth pressure term. Hürlimann et al. (2003) used the AVAL-1d code to help interpret debris flow observations from the Swiss alps. Simulations with the AVAL-1d model, including identical coefficients, topography, and initial conditions, showed very similar results to those from the DFEM-1D model.
Comparison with field data
The calculations presented here are for the 3 August 1976 debris flow event at the Kamikamihori valley in Japan (Okuda et al., 1980; Suwa and Okuda, 1983) . The front velocity is reported for 10 reaches, the location of the deposition front is at x=2225 m, and a hydrograph for the discharge and velocity is reported for the middle reach. At the Kamikamihori valley, debris flows generally have a higher concentration of large boulders and close to the debris-flow front whereas the rear part of the flow contains more fine material. In some cases, the first, large surge is followed by a number of smaller surges, presumably roll-waves.
For the simulation a grid with five meter long linear elements is used. The channel width is set to 10 m, below the fan apex (x=1900 m) the channel widens to 15 m over a distance of 100 m, after which an additional increase in width of 10 m per 100 m channel length is assumed (Fig. 2) . The longitudinal profile is a high order polynomial fit to the measured profile, as used by Rickenmann and Koch (1997) . The input at x=0 m consists of a triangular-shaped hydrograph, the specific discharge increases from 0 to 20 m 2 s −1 and the flow depth from 0 to 2.75 m over the first 10 s, and both return to zero at 64 s, corresponding to a maximum input flow velocity of about 7.3 ms −1 and a total volume of 6400 m 3 . This volume matches the observed one, and the input flow parameters are assumed to be plausible for a channel steepness of about 40 • . The focus of our simulations was on reproducing the flow behavior of the first, large surge of the debris flow event.
The model was repeatedly run and the flow resistance coefficients incrementally adjusted to match the runout distance and the reach-wise velocity. Mixture density was held constant for the different flow resistance approaches. In the "quadratic" model, a standard value of κ=24 is assumed. Thus only two parameters are varied for the majority of the models, while three parameters are varied for models F and G.
The front location for models that include a turbulent flow resistance term show good agreement with field data (Fig. 3) . In the middle section all the models slightly underestimate the velocity of the debris flow (Fig. 4) . The dilatant, Newton laminar, and other laminar Bingham-type flow resistance relations show instabilities (e.g. large velocity fluctuations) in Table 3 .
Sensitivity to peak input discharge was investigated in a series of simulations with peak discharges from 10 to 60 m 2 s −1 , using the Voellmy flow resistance relation and holding the event volume constant. The results (Fig. 5) indicate that the model is sensitive to the input hydrograph, but that the differences gradually disappear and are similar at a distance of x=1100 m because the flows with a larger unit discharge attenuate more rapidly than flows with a smaller peak discharge. Results using the input hydrograph represented as a "landslide" block hydrograph (thickness=2.5 m, initial velocity=6.5 ms −1 ) show similar final results as the triangularshaped input hydrograph (Fig. 5) . A steep hydrograph with only a third of the volume does not provide enough volume to maintain a constantly high flow and results in a more upstream stopping location, in agreement with expectations of shorter travel distances for smaller debris flows.
A comparison of the velocity and flow depth and along the flow path (Fig. 6 ) provides some insight on the behavior of the model. The velocities and flow depths used in Fig. 6 correspond to the occurrence of the maximum flow depth at any given channel location. The flow resistance relations shown here include the Voellmy fluid, Bingham fluid, and the quadratic approach (Table 1 , C, B, and G, respectively). The general trend for all three flow resistance relations is for quasi-uniform flow to develop along the upper 300 m reach of the channel, followed downstream by a correlation of flow resistance behavior with the local channel slope. Downstream of the fan apex (near x=1900 m) the channel progressively widens, causing the flow to spread laterally and the flow depth to decrease. The maximum flow velocities are similar for the quadratic and Voellmy flow resistance relations and mainly reflect the influence of the channel slope, being larger for steeper reaches. The increase in depth over reaches with a relatively gentle slope sections is more pronounced for the Voellmy than for the quadratic flow resistance relation. At the stopping location, for the Voellmy relation the material accumulates and the flow depth increases; in contrast, the simplified Bingham relation results in a continually decreasing flow depth. The general reduction of the flow depth along the flow path is mainly related to the elongation of the wave. The Froude number is always less than 1 for the Bingham relation, while for the Voellmy and quadratic relations, the flow is initially supercritical upstream, slightly subcritical in the middle reach, and the Froude number decreases to about 0.5 on the depositional reach. A comparison of the relative magnitude of the flow resistance terms along the flow path is shown in Fig. 6 . The relative flow resistance is defined here as the proportion of each term in the equations (Table 1) to the total flow resistance slope S f . For the Voellmy and quadratic flow resistance relation, the sum of the flow resistance terms is smaller or equal to the (gravitational) slope term on the right-hand side of Eq. (2). The flow resistance terms for the simplified Bingham flow resistance relation are much larger than the slope term and are consequently limited by the kinetic energy approach described above. Over the steep channel section with a slope of about 0.3, the turbulent Chézy term in the Voellmy relation contributes about 80% to the total flow resistance; the two terms are nearly equal on a slope of 0.12. For the Voellmy fluid, the basal friction angle δ appears to significantly contribute to the total resistance when channel slope angles are about 2δ or less. At the location with the largest flow depth (about x=2150 m), the slope angle and the basal friction angle are equal; at this point, the contribution by the basal friction term clearly dominates the flow resistance behavior over the remainder of the flow path. In comparison, the turbulent-dispersive (Manning) term in the quadratic relation dominates, comprising more than 85% of the total flow resistance. The remaining flow resistance is comprised of a 2:1 ratio of the yield stress and viscosity terms. On the downstream part of the fan, the shear stress term contribution rapidly increases to 50% of the total flow resistance. For the Voellmy and quadratic flow relations, the sum of the resistance terms is generally the same as the slope term, with exceptions very near to the front and for the stopping conditions towards the upstream end of the wave. This implies that the bulk behavior of the debris-flow wave can be closely approximated by uniform flow conditions.
For the Simplified Bingham relation only the values contributing to the basal shear stress are compared. The flow resistance is dominated by the Bingham viscosity alone, and the yield stress term never exceeds 5% of the total flow resistance. For flow depths much smaller than 1 m, the influence of the viscosity term is even more pronounced because there is an h 2 dependency in the denominator. The discussion of the Simplified Bingham relation is complicated by the fact that the flow resistance terms, as displayed, are adjusted to keep them smaller or equal to the available kinetic energy. However it is clear that the influence of the Bingham yield stress can almost be neglected for the upstream and middle reaches.
The combined turbulent -yield stress relation (Table 1 , E) behaves similarly to the quadratic approach (Table 1, G); however the yield stress term alone represents the stopping of the flow. For flow resistance relation E (Table 1) , the yield stress contribution to the total flow resistance is similar to the sum of yield stress and viscosity contribution in the quadratic flow resistance relation.
A comparison of the discharge hydrographs (at x=1590 m) among the field and simulations (Fig. 7) shows systematic differences. In particular, the peak discharge is underpredicted and field hydrograph changes much more rapidly than in the simulated results. Similar behavior has also been found using other simulation models, suggesting a systematic deficiency in the ability of such simple flow resistance relations to represent all features of debris flows. One practical solution to this problem is to iteratively run the simulations with a relatively large discharge to match the peak discharge where it is measured (e.g. McArdell et al., 2003) .
Discussion
The DFEM-1D model is based on a one-phase flow approach to approximate the flow resistance behavior of mixtures of sediment and water. Because the values of the flow resistance coefficients depend on many factors and can be expected to vary among different debris flows, calibration with historical events in the same catchment or with flows in nearby catch- ments is essential. The rheological coefficients can in some cases be estimated with field observations (e.g. Laigle et al., 2003) or in the laboratory (Coussot et al., 1998) . The singlephase approach to describe debris flows ignores experimental evidence of dynamic pressures arising from the grain collisions in granular flows (Iverson, 1997) which suggests that rheological relations that do not include such normal stress effects are an oversimplification. However, as pointed out by Hungr (2006) intergranular friction forces may implicitly be accounted for in the frictional and velocity-dependent flow resistance terms. Our model underpredicted flow depths when calibrated for runout distance. In a similar study , model parameters were iteratively calculated by successive model runs to obtain a good match between total runout distance and observed flow velocities, however flow depths were also generally underestimated by up to a factor of 2. Using the DFEM-1D model, observed and simulated flow depths in the channel are generally difficult to compare because a rectangular cross sectional area is used in the model. For designing protection measures or safety analysis of the capacity of a given cross section, especially when the crosssection is not rectangular, it is more useful to compare the wetted cross sectional area than flow depth.
Constant flow resistance parameters were assumed over time and along the debris-flow wave; even though better results are likely if the coefficients were varied as a function of distance along the wave (e.g. Hungr, 2000) or distance along the channel to better match, for example, the observed hydrograph. Savage and Iverson (2003) show that an increased pore-pressure diffusivity in the snout region (related to accumulation of large particles) can increase solid bed friction and cause the more mobile rear part of the flow to pile up against the snout region. It appears therefore possible that a more realistic model accounting for non-homogeneous flow properties, particularly in the front region, could better replicate the observed flow behavior (e.g. resulting in higher flow depth and peak discharge). In principle one could indirectly account for longitudinal particle segregation and differences in sediment concentration by varying the flow resistance parameters along the debris-flow wave, thereby improving flow depth estimates. However such an exercise introduces more model parameters and a larger uncertainty in their "calibration".
In many field examples, systematic bulking of the debris flow influences the results ; these processes are not yet included in the DFEM-1D model. Incorporation of entrainment (and deposition) effects into a model should be included in a more general framework where the level of the bed can also be adjusted to reflect these processes. For example, Hungr and Evans (1997) , Brufau et al. (2000) and McDougall and Hungr (2006) developed models including some of these aspects in a simplified manner.
For the field case application presented here, models involving turbulent flow resistance terms appear to behave more realistically (e.g. better agreement with flow depth, velocity, and runout distance) than the other flow resistance relations. A similar study involving more test cases showed similar findings and furthermore suggested that Voellmy fluid relation is convenient from a numerical stability perspective. Similarly, the quadratic relation tends to produce reasonable results in many situations. However, three parameters need to be calibrated for the application of the quadratic relation, in contrast to two parameters for the Voellmy relation.
As of yet there is no simple model which can correctly reproduce all of the complex features of debris flow behavior. Along the flow path the material properties and channel roughness most likely vary. Another major difficulty for simulating natural debris flows is distinguishing between appropriate flow regimes and suitable modeling approaches. While two-phase models describing the complex interaction between solids and fluids exist and are in development (e.g. Bozhinskiy and Nazarov, 2000; Iverson and Denlinger, 2001) , they also require knowledge of parameters that are difficult to measure and may require calibration, such as the sediment concentration which may vary over a considerable range (e.g. 40 to 90% by weight, Costa 1984) .
For a debris-flow hazard assessment where a model is used as a decision-making or a design tool, it may be reasonable in a first step to estimate the total event volume (or design volume) and apply a one-phase model to delineate potentially affected areas, especially if field data from the catchment can be used to calibrate the flow resistance coefficients. When comparing model simulation results with observations of natural debris flows, it is often possible to achieve a reasonable agreement between some of the predicted and observed characteristics (e.g. Jakob et al., 2000; Revellino et al., 2004; Rickenmann et al., 2006) . Referring to Fig. 1b it is remarkable that quite similar deposition profiles are obtained for different rheologic approaches or flow resistance laws when simulating similar runout lengths. This observation supports the results presented in Rickenmann et al. (2006) , where similar deposition patterns were modeled using debris-flow simulation models based on different rheological approaches. In many cases only the event volume and the runout distance or the deposition pattern is known, possibly supplemented by the rheologic analysis of material samples. In other cases there may be limited flow velocity and depth data from measurements or eyewitness accounts. Therefore most of the existing models have not been thoroughly tested with field data. In addition, no simple methods are available to directly determine the rheologic parameters which are needed as input for most of the models mentioned above.
Conclusions
The simulation code DFEM-1D, based on a solution to the shallow water equations and including a simple treatment of the wet-dry boundary at the front of the flow, facilitates the comparison of a variety of single-phase flow resistance relations which have been proposed for debris flows. We find good agreement with the analytical solution of a dam-break wave. For application to field cases, it is essential to calibrate such models (e.g. the coefficients in the flow resistance relations) using historical events. Comparing the calculated front trajectories for a granular debris flow at the Kamikamihori valley in Japan, the best agreement is obtained for approaches including a turbulent flow resistance term; the other approaches, including Bingham and dilatant fluids, tend to underpredict observed front velocities. Although it is possible to reasonably match the front trajectory of the flow, we observe a general tendency for the model to underpredict the flow depth or discharge when the model is calibrated using runout and velocity data. This problem seems to be common in the application of models based on the single-phase approach.
The relative importance of the flow resistance terms along the flow path was compared among three flow resistance relations. The stopping term includes the basal friction angle for the Voellmy fluid, and the yield stress for the quadratic or simplified Bingham approach. In the latter two cases, the yield stress contribution is important only in the final stopping phase. For the Voellmy fluid, a significant contribution of the basal friction angle δ to the total resistance is found when channel slope angles are about 2δ or less.
The sensitivity to the input hydrograph was investigated using the Voellmy relation. Varying the shape of the input hydrograph for equal volumes, we found that differences in peak discharge are dampened within about the first kilometer of the flow path, resulting in only small differences over the downstream reaches. Model runout distances are, however, quite sensitive to the total input volume, even when the initial peak discharge is held constant.
Based also on experience from other studies using similar modeling approaches, it appears that some general debris flow characteristics needed for hazard assessment may be reasonably well simulated with rather simple modeling approaches if an a priori calibration of the model parameters is possible.
